This paper presents a digital controller suitable for an instructional laboratory in electric drives. A prototype has been designed specifically to meet the requirements of low cost and motivating education tool, and it contains all of the active functions required to implement the open loop control of induction motors. This approach develops the concept of "grey box" module where the details are built for convenience, but not hidden inside as a "black box". Introductory laboratory experiments are presented to demonstrate how this hardware can be integrated in laboratory classes to present the most important concepts as regards adjustable speed drives.
Introduction
The need for power converters is to increase dramatically in the coming years. The increase of the energy consumption and environmental legislation are forcing the development of an ever increasing number of electric cars and the utilization of clean renewable energy resources, such as wind and solar generators, requiring power conditioning on their outputs. In this scenario, the technology ofpower electronics and electric drives is the core of clean technologies. Consequently, it should have a core place in the formation of electrical engineers. However, the experience has shown that power electronics and drives is a hard task for under graduated students, mostly because of the maturity that the subject demands. Students are not often accustomed to assimilate material from different subjects at one time thereby making it difficult for them to simultaneously bring together the electrical circuit analysis, analog and digital electronics, electric and magnetic analysis and control considerations which are required to filly describe an electric drive. As a solution to this challenge, this paper discusses the development of a hardware board based on the MC3PHAC motor controller and a power inverter that allows students to easily visualize the motor during motion, vary parameters of the controller to observe their effects on the performance, and gain experience with induction motor control.
Education methodologies and educational tools in the field ofpower electronics and electric drives have been a topic of considerable debate over the last decade and still remain a topic of current discussion [1] [2] [3] . How to teach students with different sensitivities and motivations is an often-asked question. Based on the author's teaching experience a different teaching methodology has been developed in order to enable students to learn quicker and easier by increasing their motivation. The traditional feeding teaching technique was changed and students are invited to build and use "toys" with which they can practice and see how "things" are made and understand how they work [4] . This approach uses the concept of "grey box" which allows students to start immediately on experimental work and observe the internal hardware of an electric drive while it is operating. The hardware setup is simple to build and inexpensive when compared with other conventional options. This approach permits that students are motivated to understand the inner workings the core of any real power converter.
Web based laboratory tools have become the centre of attention recently [5] . The virtual power laboratory can be a valuable supplement to formal lecture allowing students to experiment with several scenarios. The disadvantage of a virtual laboratory is the obvious lack of student physical contact with the devices under study. A significant drawback of hardware laboratory works is the considerable effort required to build a complete electric drive system. Power inverter, gate drivers, galvanic isolation, control functions, layout, among other issues must be addressed before the experimental work could be done. This work is intended to be a contribution to stimulate the student's interest in power electronics and electric drives as well as to provide them with skills in measurement and instrumentation. The ability to correctly interpret and verify results is important not only for electronic design, but also in other work areas where engineers are increasingly relying on industrial systems developed by others. The main goal ofthe laboratory is to give the possibility to the students to put in practice the theory without spending too much time with details concerning to sophisticated hardware implementations without need ofhigh level and expensive development systems like in [6, 7] .
Motivation
In this work a low cost solution is presented to develop an induction motor control prototype to be used in the laboratory, which is easy and safe to handle, manipulate and test The purpose of this prototype is not centered on achieving a great dynamic performance of the induction motor control, but on highlighting the main concepts of this issue and leading the students to play with the system and practice in laboratory measurements. In addition, this prototype has the advantage that the explanations are made with a real and concrete system and it is a resource for students to improve the skills that are required to analyze and design electric drive systems. The novel hardware includes a power inverter, gate-drive boards, voltage and current sensors, and interface and controller boards.
The design process of this hardware had different objectives when compared with a typical induction motor drive design. Rather than a design to meet specific performance requirements, a design to meet general educational objectives was developed. The design and details are freely available to educators who wish to apply this approach.
The purpose of the laboratory is to faniiiarize students with power electronics and their functions as used in motion control. A laboratory for electric drives consists of some experiments carried out in a 2-3 hour session. The students work in groups of two or three students. They have to prepare the laboratory using its handouts. Typically, the handouts for the experiments provide an equipment list and a list oftopics which can be explored with the prototype hardware. The students can use a converter that can implement nearly any dc-dc or dc-ac convcrter, providing students with a means to quickly begin to explore various experiments [8] . The key improvement is a new "grey box" induction motor control using the MC3PHAC motor controller from Motorola. The "box" contains an inexpensive microcontroller from Atmel that controls the MC3PHAC.
The motivation to have developed this hardware is manifold. It provides motivation to the students since it is a piece ofhardware which they can easily understand. It the controller board based on the MC3PHAC motor controller, the master board, a set of gate driver boards, the power converter andthe induction motor loaded by a powder break. The power converter used in this work was built using some modules of the generic converter described with detail in [8] which was also designed as a "plug and play" set ofpieces. fig. 2 .
The main advantages of this prototype hardware are summaed as follows: board ilupleluelnted as described in [8] .
Generically speaking, the control of a three-phase induction motor requires pulse-with modulated control of the six switches of a three-phase power inverter. A Ii varo tool for explained power electronies. eoiunai of inohietion motors In the instructional environment we have found that the controller board helps to solidify fundamental concepts such as three-phase PWM generation, dead-time, isolated gate drivers and basic control. Another additional advantage of the realized hardware is its low price when compared to commercial "black-box" module of power laboratory equipment. Regarding the disinterest of students by Power Electronicsan Electric Drives, the authors have described their current methodology regarding laboratory classes to motivate students and captivate new ones into this domain by using the proposed controller system to play with work aiming a practical understaningan exercising of the fundamental concepts.
